Central black hole masses in eight active galactic nuclei (AGNs) are evaluated by a method based on the X-ray Ñux variability of these AGNs and Cyg X-1 observed with Ginga. We introduce a new deÐni-tion for the variability timescale by employing a normalized power spectral density function. Assuming a linear proportionality between the variability timescale and the mass of the central black hole, and using the relation between these two for Cyg X-1 as a reference point, we estimate the masses of eight AGNs (six Seyferts, one quasar, and one BL Lacertae type object). The masses evaluated in this way are lower than those in earlier estimates (or upper limits) using di †erent methods by a factor of 1 or 2 orders of magnitude, for some sources. We thus obtain a logarithmically averaged Eddington ratio of 1.4 for eight sources, or 0.47 for six Seyferts excluding a quasar and a BL LacertaeÈtype object. We discuss signiÐ-cance of this high Eddington ratio for the emission mechanism and the cosmological evolution of AGNs.
INTRODUCTION
Rapid variability is a common feature of emission from active galactic nuclei (AGNs). The small size implied by the variability timescale, with huge emission energy, is an important basis for the massive black hole (BH) model of the AGNs (e.g., and references therein). In Blandford 1990 , particular, the variability in the X-ray band has received much interest, where the variability timescale is as short as minutes for some sources et al. (Matsuoka 1990 ; Remillard et al. Although the mechanism which produces such 1991). variability has not yet been understood, the variability has been employed as a measure of the size of the central BH residing in the AGN. & Mushotzky showed that there is a signiÐ-Barr (1986) cant correlation between the X-ray luminosity and timescale of X-ray variability for Seyferts and quasars. Using the same X-ray variability timescale data, & MushWandel otzky evaluated the upper limits of the central BH (1986) masses of the AGNs. They compared those with the the BH masses estimated from emission line width and found signiÐcant correlation between them. The timescale of the X-ray variability employed by & Mushotzky Barr (1986) and & Mushotzky is the fastest doubling Wandel (1986) time, where the doubling time is the time necessary for the source intensity to double. The fastest doubling time has been widely used and surely gives a variability measure.
Nevertheless, statistical validity of the fastest doubling time has been criticized ; it depends on data quality and coverage et al. & Czerny (Lawrence 1987 ; McHardy 1987) 1 Also CREST, Japan Science and Technology Corporation.
2 Osaka City Science Museum, 4-2-1, Nakanoshima, Kita-ku, Osaka, Japan.
3 Institute of Physical and Chemical Research (RIKEN), 2-1, Hirosawa, Wako, Saitama 351-01, Japan.
or it may represent an extraordinary event for the source & McHardy It is not apparent, however, (Pounds 1988) . what sort of timescale can characterize the variability in AGNs appropriately. Power spectrum density (PSD) analysis has shown that the variability of X-ray emission from AGNs is principally chaotic rather than periodic et al. & Czerny except for (Lawrence 1987 ; McHardy 1987 ), a quasi-periodic phenomenon found in NGC 5548 & Lawrence This chaotic nature makes it (Papadakis 1993 ). difficul to deÐne properly the characteristic timescale.
In this paper, we evaluated the central BH masses in several AGNs based on their X-ray variabilities. We propose a new deÐnition for the variability timescale of AGNs using their normalized PSD (NPSD), which is obtained by dividing the PSD by the average source intensity squared and is useful to compare variability at each frequency range even if the brightness changes (Miyamoto et al.
We Ðrst consider how expansion and contrac-1991). tion of the timescale should reÑect on the NPSD, and then introduce a new variability timescale which may characterize the system size.
et al.
showed that the Miyamoto (1992) NPSDs of stellar black hole candidates (SBHCs) at frequencies above 0.2 Hz are the same at di †erent X-ray intensities and in di †erent SBHCs, when they are in the low X-ray intensity state (the state is also characterized by the power-law X-ray energy spectra of the energy index of about 0.7). This canonicality of the NPSD of the SBHCs motivated our our using the NPSD for the study of AGNs.
The second point of our procedure is that we refer to the X-ray variability of a stellar black hole candidate (SBHC), Cyg X-1, the mass of which is estimated using a dynamical relation (e.g., Similarity in the X-ray observOda 1977). ational features between SBHCs, speciÐcally Cyg X-1 in the low state, and AGNs have been pointed out (e.g., White, Fabian, & Mushotzky both have energy 1984 ; Inoue 1989) ; spectrum of a nearly power-law shape and show rapid variability. We thus assume that the variability timescale of both SBHCs (in the low state) and AGNs is proportional to their system size, i.e., their mass. The BH masses in the AGNs are then evaluated using the variability timescale of Cyg X-1 in its low state as a reference point. This approach is di †erent from the previous attempt & Mush- (Wandel otzky in which the upper limits of the masses were 1986) derived under the assumption that the timescale is greater than the light crossing time for the 5 Schwarschild diameter. The BH masses evaluated in this way are compared with those in previous works with di †erent methodology. Last, the signiÐcance of our results is discussed in various aspects of AGN studies from the emission mechanism to the cosmological evolution.
ANALYSIS AND RESULTS

Observation and Data Reduction
We have studied a sample of eight AGNs consisting of six Seyferts (NGC 4051, NGC 4151, NGC 5506, NGC 5548, , one QSO (3C 273), and one BL Lac type (PKS 2155[304) . These AGNs were extensively observed with the large area proportional counters (LAC ; et al. on board the Ginga satelTurner 1989) lite. Among the eight sources, the two radio-loud objects, 3C 273 and PKS 2155[304, are considered to have di †er-ent emission mechanisms (e.g., relativistic beaming) from other radio-quiet objects. Although we apply the same procedure to the eight sources, we mainly deal with the results from six Seyferts in our discussion.
Many papers have been published using the same Ginga data used by us. NGC 4051, NGC 5506, and NGC 5548 are included in the sample of 27 Seyferts of which Ginga X-ray spectra were studied systematically by & Pounds Earlier studies of these sources Nandra (1994). using the Ginga LAC can also be found in the references therein. (1993) . made to quantify the X-ray variability itself with the Ginga data.
The log of the observations is summarized in Table 1 . The observation mode was MPC-1, and the detector gain a Count rate is for total eight LAC counters, TOP ] MID layers, within the pulse-height channels corresponding to 2È10 keV. Background was subtracted. The counting rate for Cyg X-1 is deÐned for 1.5È7.3 keV range because of the di †erent observation mode.
was nominal throughout the observations of these AGNs. In MPC-1 mode, time resolution was 0.5, 4, and 16 s for bit rate high, medium, and low, respectively. Although the energy range of the counter is from 1.5 to 37 keV, we used the counts in the pulse-height channels of 3 to 16, corresponding to the 2È10 keV range. The gains of the LAC were tuned about every 2 weeks using the Ñuorescent line of silver (22.1 keV) always seen in the raw spectra. The gain variance between observations was less than 1% throughout the mission which is small enough for (Mihara 1995), our study. We also employed the Cyg X-1 data taken with the Ginga LAC in 1991 May. We restricted the Cyg X-1 data to be MPC-3 mode in high bit rate, which attains the time resolution of 7.8 ms. Because of the reduced high voltage level during the Cyg X-1 observation in 1991 May the LAC energy range was 1.5 to 60 keV at that time. We used the lowest two channels for the Cyg X-1 data, corresponding to the energy range 1.5È7.1 keV.
We made 2È10 keV X-ray light curves of the AGNs from the LAC data. The detector background including the di †use X-ray background was estimated et al. (Hayashida every 32 s and was subtracted from the raw counting 1989) rate. We deÐne the source counting rate after applying the aspect correction to the subtracted counting rate. In Figure  we show some examples of the light curves. Two kinds of 1, time bin size, 32 and 5760 s, are used for every data set. Note that the observations did not fully cover each 5760 s bin. The light curve data of eight sources (with both 32 bin and 5760 s bin) are available at NASA Astronomical Data with a catalog ID of 9019. Some parts of the X-ray Center4 light curve of Cyg X-1 are also shown in Figure 2. 
Normalized Power Spectral Density
We calculate NPSD for each continuous part of these light curves. The NPSD (in units of Hz~1) at frequency f (Hz) is deÐned as
where is the source counting rate counts s~1 at time (s), s j t j which is the jth bin of n consecutive time bins during the data length of T (s), and is the mean value of the source s6 counting rate (counts s~1). The quantity is the estip stat 2 mated power due to counting statistics, and is the p sys 2 ( f ) noise due to error in subtracting the background. We evaluate P( f ) at frequencies f \ k/T (k \ 1, 2, . . . n/2). Each continuous part of the light curve yields n/2 sets of [ f, P( f )]. We sort them into frequency range bins and take their average. Our deÐnition of the NPSD is the same as that in et al. except for our introduction of Miyamoto (1992, 1994 For the light curves with two di †erent bin sizes (32 and 5760 s), the NPSD at lower frequencies (less than 2 ] 10~4 Hz) and that at higher frequencies (greater than 2 ] 10~4 Hz) were derived separately. This procedure was introduced to reduce the e †ect of inevitable time gaps owing to source occultation and the satelliteÏs passage through high particle background regions on Earth, both of which are in accordance with the satelliteÏs orbital period of about 5760 s. This technique produces a large gap in the NPSD at around 2 ] 10~4 Hz. However, validity of the NPSD value at other frequencies was conÐrmed with simulated light curves of which NPSD has a frequency dependence of f~1 or f~2. (At particular frequencies slightly below the gap, overestimation of the NPSD by a factor of less than 2 can occur. Thus, for the NPSD value just below the gap, we add an extra error equal to the NPSD value itself so that the Ðtting results are not a †ected signiÐcantly.)
shows the NPSD obtained with this procedure. Figure 3 First, a simple power-law model is examined to Ðt the NPSD (see The NPSDs of NGC 4051, MCG Table 2 ).
[6-30-15, and 3C 273 can be poorly Ðtted with a simple power-law model. For the NPSD of 3C 273, however, if we take that below 10~4 Hz where it is well determined, a simple power-law model gives a good Ðt. On the other hand, a broken power-law model signiÐcantly increases the goodness of Ðt for the NPSDs of NGC 4051 and MCG [6-30-15 Such NPSD having a Ñat slope at low (Table 3) . frequencies and a steep slope (the power-law index, [a, of [1 to [2) at high frequencies is similar to that of Cyg X-1, as reported previously for NGC 5506 & McHardy et al. We also 1988) (Matsuoka 1990) . note that the power-law indices of the NPSDs of the other four Seyferts are nearly [2. We use the Ðtting results with a broken power-law model for NGC and those with a simple power-law model for the other six sources.
V ariability T imescale
To deÐne the variability timescale by using the NPSD, we Ðrst make a hypothesis that X-ray variability of AGNs (and SBHCs) is similar to each other except for the timescale. Let be a normalized (by its averaged intensity) X-ray light L A (t) curve of a source A. Assuming to be a sequential L A function of time t without counting statistics noise (only for easy explanation), the NPSD of this source is expressed as
where f is the frequency and T is the length of the light curve. Assume another source B, the timescale of which is m times larger than A. The source B has a normalized light curve of and NPSD of
TABLE 3 RESULTS OF BROKEN POWER-LAW MODEL FITS TO OBSERVED NPSD A NPSD point of [ f, P( f )] for A shifts to [ f/m, mP( f )] for B by an enlargement of m times in the system timescale. In other words, the NPSD [ f, P( f )] values in the log f versus log P( f ) diagram shifts along the 1/f line according to the system timescale. We plot f times NPSDs of AGNs and Cyg X-1, multiplying NPSDs by the frequency for each point in This fP( f ) plot displays relative contribu- Figure 4 . tion of the power for each log frequency range, as does the lF(l) diagram for multiwavelength energy spectrum.
The Ðgure shows that all the NPSDs roughly stand side by side and supports our hypothesis concerning the scaling relation shown above. Of course, there are scatters from the expected scaling relation. In particular, it might be remarkable that Cyg X-1 has a Ñat part in its f ] NPSD, which corresponds to the 1/f part of its NPSD. The quality of our data, especially the large gap of the NPSD points, does not allow us to determine whether AGNs (NGC 4051 and MCG [6-30-15) have such a 1/f part in the their NPSDs or not. (Note, however, that we employ the NPSD of Cyg X-1 at its higher frequency part than the 1/f part in order to determine the timescale, as described below.) Although future X-ray observations will determine how well the NPSD scaling relation holds, we should say the NPSD scaling relation is a working hypothesis at present. The description below is based on this hypothesis.
A new deÐnition of the variability timescale, which is not necessarily characteristic but can be a relative measure for it, is naturally introduced, i.e., "" the frequency at which the (NPSD) ] (frequency) curve crosses a certain level.ÏÏ We adopt 10~3 for the level and denote the frequency at which the (NPSD) ] (frequency) \ 10~3 by and the
, variability timescale by its reciprocal
In the
. case of Cyg X-1, the frequency is 45.5 Hz, which corresponds to a light crossing time of 112 Schwarzschild diam- Observed data points are plotted for Cyg X-1, while for eight AGNs the best-Ðt model and the modeled points are illustrated with a line and marks, respectively, to avoid confusion. Our hypothesis on the scaling relation expects every (NPSD) ] (frequency) stands side by side keeping its shape, as shown in this Ðgure. We deÐne the variability timescale from the frequency at which the value of the "" modeled ÏÏ (NPSD) ] (frequency) equals a certain level, for which we adopted 10~3, as indicated by a thick horizontal line. For 3C 273, the variability measure is determined by extrapolating the best-Ðt model. A thin broken line horizontally drawn at 5 ] 10~3 shows an alternative level, which we used just for comparison.
eter for a 10 BH. M _ As mentioned in the introduction, the similarity of SBHCs to AGNs in their observational features motivates our referring to the variability timescale of Cyg X-1. et al. have studied X-ray characteristics of Miyamoto (1992) three SBHCs, including Cyg X-1, in their low state. (The low and the high states appear in the X-ray features of SBHCs ; see They found that the three SBHCs in the°3.4.) low state commonly show the Ñat-top type NPSD, the shape and magnitude of which depends little on sources, occasions, and the X-ray energy range. This canonicity of the NPSD of SBHCs in the low state supports our deÐning a timescale characterizing the source based on its NPSD. et al. also found that the coincidence of Miyamoto (1992) the NPSD among the SBHCs in the low state is good at frequencies higher than about 0.2 Hz, which roughly corresponds to the knee frequency found in the NPSD of these sources. There is an earlier Ðnding that the knee frequency of the NPSD of Cyg X-1 varies in the range 0.04È0.4 Hz and that the shape and the magnitude of the NPSD are maintained above the knee frequency & Hasinger (Belloni 1990 ). Based on these results on the SBHCs, we take 10~3 as the level for the scaling frequency so that the NPSD crosses this level at a frequency well above the knee frequency. In the next subsection, however, we would examine how the results are a †ected by the level we adopt.
Black Hole Mass Estimation
To estimate the central BH mass of our samples, (M BH ) further assumptions are made : (1) the variability timescale is linearly proportional to the system size of the source and the mass of the central black hole in it, and (2) the black hole in Cyg X-1 is 10 giving M _ ,
As listed in and shown in we obtain Table 4 , Figure 5 , ranging from 0.9 ] 105 to 5 ] 107
The errors of M BH M _ . written in and used in are the Ðtting M BH Table 4 Figure 5 errors of that come from the data statistics.
For reference, we also derived by the same procedure M BH but using the NPSD times frequency are a †ected by a factor of 2È3 with this level change, while the values of the other six sources di †ered by 30%È M BH 50%. We would mainly treat the average Eddington ratio (see of six sources. Changing the level a †ects that°3.3) average ratio by less than 10%. The following discussion is based on the results with the level of 10~3. Another systematic uncertainty in our mass estimation comes from the mass of Cyg X-1. Although we adopt 10 for it, & M _ Avni Bahcall estimated that it is in the range 8. 5È15 (1975) M _ . Thus we may have underestimated the masses of BHs in AGNs by 50%.
We would emphasize that our mass estimation holds only when the hypothetical linear scaling relation of X-ray variability in Cyg X-1 and AGNs holds. Because of the large di †erences in their system size, the linear scaling relation may not hold, or another scaling relation may describe the variability better. It should be remembered that the discussion in the next section is presented under the hypothesis of a linear scaling relation. Ðxed NPSD amplitude can be a variability measure, too. Nevertheless, considering the scaling relation described in our variability timescale is more appropriate than°2.3, these at least for comparing the system scale of AGNs and Cyg X-1.
There are, however, other variability timescale deÐnitions mathematically equivalent to ours. & Papadakis Lawrence examined a timescale which gives 10% fractional rms (1993) amplitude. If the scaling relation of the NPSD described in holds, the timescale which gives a Ðxed fractional rms°2.4 amplitude should have a one-to-one correspondence with our variability timescale For a light curve
. with a data length of T , the fractional rms amplitude is a rms described as a rms 2 \2
where is the time bin size of the light curve and P( f ) is t b the NPSD deÐned with our normalization mentioned in A variability timescale is deÐned to be the the data°2.2. t a length with which a given fractional amplitude is a rms obtained. The di †erence between and depends only t fP(f) t a on whether the di †erential form or the integral form NPSD is used. Nevertheless, we note that the normalization of fractional rms amplitude in & Papadakis is Lawrence (1993) di †erent from ours, although the NPSD itself is normalized in the same way. In their deÐnition, factor 2 in the right- a The distances for NGC 4151, NGC 5506, and NGC 5548 were compiled from those given in Kruper, Urry, & Canizares 1990 , adjusted to agree with our assumption of km s~1 Mpc~1 and
The distances of other AGNs were derived from the recession velocity or the redshift data registered in the NASA/IPC Extragalactic Database (NED). We assumed the distance of Cyg X-1 to be 2. t fP(f)/1C10~3 . get that value. One reason is bin-size dependence of the fastest doubling time. We can identify a factor of 2 intensity change between adjacent bins in the Cyg X-1 light curves of 7.8 ms bin and in that of 0.5 s bins the fastest (Fig. 2) ; doubling time can be 7.8 ms or 0.5 s depending on the light curve we adopt. Of course, if possible, one should investigate Ðner bin size until one cannot Ðnd a factor of 2 change between the adjacent bins. However, counts in the 7.8 ms bin is about 20 and thus counting statistics would make it difficult to pick up real factor of 2 variability for shorter bin size. It is worth noting that light crossing time of 1 is R S about 0.1 ms for a 10 SBHC but 10 s for a 106 M _ M _ AGN. Therefore, Cyg X-1 has poorer counts than bright AGNs, if we view them with their system timescales. We also have to be concerned with the data length. Completely di †erent timescales between Cyg X-1 and AGNs requires consideration of data length dependence of the fastest doubling time ; the longer the data length, the higher the probability that we Ðnd the faster variability. In conclusion, it is not easy to determine the fastest doubling time of Cyg X-1 so that it will be used as a reference point to those of AGNs.
As must be a break in those particular NPSDs that were well Ðtted by a simple power-law model to avoid divergence of the total power. Hence, the knee frequency could be a variability measure alternative. Nevertheless, much observation time will be required to Ðnd and establish the knee frequencies for various AGNs. In addition, the diversity observed in the knee frequency of Cyg X-1, as mentioned in implies limited accuracy of using the knee frequency°2.2, to measure the system size.
Central Black Hole Masses Inferred from
Di †erent Methods In we compare the variability timescales of various°3.1, deÐnitions. Central black hole masses of AGNs are, however, estimated not only from the X-ray time variability. We will compare various mass estimation methods in this subsection. In order to compare masses estimated from various methods, we employ the Eddington ratio, that is, the ratio between the bolometric luminosity and the L bol Eddington luminosity ergs 
where denotes the doubling time in units of seconds. t 2C This inequality is based on the idea that the doubling time must be shorter than the light crossing time of the system size, which is assumed to be twice the 5
We Ðnd that the R S . BH masses we obtain are 1 or 2 orders of magnitude M BH lower than their upper limits. It is shown in in Figure 6 terms of the Eddington ratio. Nevertheless, it does not necessarily indicate a contradiction because even if our estimate gives good estimate of the BH masses, the inequality still holds. In that case, it suggests the factor of equation (6) 2 variability occurs at a much smaller speed than light. Of course, since our mass estimation has no physical basis, the estimated mass may be less constraining than the upper limits of & Mushotzky and the real values of Wandel (1986) , BH masses may be close to their upper limits. In that case, the scaling relation between the Cyg X-1 variability and the AGN variability must fail. Furthermore, unless the emission region is much smaller than 5 a factor of 2 variabil-R S ity must occur at a speed comparable to light, suggesting violent circumstances around a BH in AGN.
Completely independent mass estimation is made by emission line widths of the AGNs. The mass estimated in FIG. 6 .ÈEddington ratio estimated from various methods for each AGN. Bolometric luminosity is derived from the 2È10 keV X-ray luminosity g Edd observed with Ginga by multiplying the bolometric correction of 27.2. This graph thus directly displays the di †erence in mass estimation by various methods. Open circles, our work ; closed triangle, the lower limits of the Eddington ratio corresponding to the upper limits of the mass determined from X-ray Although uncertainty in the cloud distance, geometry, and motion may account for the di †erence, one other possibility is that a signiÐcant amount of matter other than the central object exists inside of the line emission region. Unfortunately, we have little knowledge of either normal or active galactic cores within the radius comparable to the typical size of a broad line region (BLR), i.e., 0.03 pc (e.g., Observations with the Hubble Space Osterbrock 1993). Telescope shows that light density within the radius 0.04 pc at the core of a nearby normal galaxy, M32, is 0.5È1 ] 107 pc~3 et al.
Although it is the densest ever L _ (Crane 1993). known, the corresponding luminosity of 1.3È2.7 ] 103 L _ within 0.04 pc is by far smaller than that of a star cluster with total mass comparable to the which we are con-M BH cerned with, and the matter of the star cluster has little e †ect on the estimation of the values mentioned above. Of M BH course, the structure of active galactic cores may be much di †erent from M32 at such a small size. At this point, we note that a model has been presented in which the atmosphere of 106È107 supergiant stars is the nature of the BLR however, further discussions are outside (Kazanas 1989) ; the scope of this paper.
On the other hand, estimated from O III narrow line M BH width by & Mushotzky (after adjusting to Wandel (1986) km s~1 Mpc~1) are 77, 24, 14, and 470 times larger H 0 \ 75 than our estimates for NGC 4051, NGC 4151, NGC 5506, and 3C 273. They are nearly 1 order of magnitude larger than the estimates from broad line width, too. Since the typical size of the narrow line region (NLR) is 100 pc we certainly expect a signiÐcant contri-(Osterbrock 1993), bution from stars and gas residing within the radius comparable to the NLR (note in the case of our Galaxy, 5 ] 109 are evaluated to reside within the radius of 150 pc from M _ the center ; & Mushotzky (Zombeck 1990) . Wandel (1986) found a remarkable coincidence between the values M BH estimated from O III narrow linewidth and the upper M BH limits estimated from the fastest X-ray doubling time. Therefore, even when a signiÐcant amount of mass exists within the narrowline region, it might be proportional to the central black hole mass.
Another approach to estimate has been made in the M BH study of the blue bump, which is commonly found in the AGN spectra. The blue bump is usually interpreted as thermal emission from a BH accretion disk.
& Malkan Sun
Ðtted the blue bump spectra of 60 AGNs, mostly (1989) quasars, with a geometrically thin accretion disk model. In their model, the central object mass and the mass accretion rate are the most fundamental parameters. Two sources in our sample overlapping with theirs have values of M BH 1.5 ] 108 to 2.8 ] 109
(NGC 5548) and 7.9 ] 108 to M _ 2.2 ] 1010 (3C 273), where the lower value is for a M _ face-on disk and the higher for an edge-on disk. These are signiÐcantly higher than our estimate.
In addition to the blue bump component, an excess soft X-ray emission above the Ñux extrapolated from the hard X-ray power-law spectrum was discovered (e. Maraschi 1992 ; Haardt 1993 ). Nevertheless, aside from the model uncertainty among these, present spectra from UV to X-rays do not seem to have enough quality to determine the model parameters, such as central object mass and accretion rate.
Summarizing the above discussions, either method has problems in its procedure ; the evaluation of from the M BH emission line width might be a †ected by additional mass inside the emission line region, and the evaluation with the accretion disk model Ðt is largely model dependent. On the other hand, while our method with X-ray variability is based on the simple scaling relation, it does not have any physical basis. It would be surprising if the scaling relation holds well regardless of the several decadesÏ di †erences in the system size. Furthermore, even if the NPSD scaling relation holds well, we cannot exclude the possibility that the variability timescale is not linearly proportional to the system size. It is doubtless that comparison among these independent methods with more samples would be of great importance for examining several fundamental issues of the AGNs, whichever procedure gives better estimates. In the following subsection, however, we will proceed to a discussion based mainly on our results.
Eddington Ratio
As mentioned in the previous subsection, the ratio between the bolometric luminosity and the Eddington
, is a fundamental parameter characterizing the intrinsic capability of emission in the AGNs. We take the bolometric correction of 27.2 Table 4 Figure 6. for eight sources is 0.15 (^1.01), where the number in g Edd parentheses is the standard deviation for the sample. We note values for 3C 273 and PKS 2155 greatly exceed 1. g Edd It may be due to the beaming e †ects, which are now believed to exist in this kind of radio-loud objects. If we eliminate these radio-loud objects from the others, we get the mean value of (^0.54) (the average log (g Edd ) \ [0.33 for the six Seyferts).
Some The Eddington ratio is important for various aspects of the AGN study. First, we will discuss its signiÐcance to the emission mechanism models. For studies of radiation in the AGN, a parameter called compactness is often employed. It is deÐned as
where L is the source luminosity, R is the characteristic size of the emission region, and is the Thomson cross section. p T If l is larger than about 10 and there is a signiÐcant amount of incident photons with energy above keV, m e c2 \ 511 photons lose their energy rapidly through Compton scattering or pair creation before escaping the emission region, and electrons (e~, e`) are, in turn, a †ected by their density and energy spectrum. Self-consistent models (pair plasma models) for such a situation have been extensively studied for nonthermal Fabian, & Rees et (Guilbert, 1983 ; Fabian al. & Zdziarski or thermal 1986 ; Lightman 1987) (Svesson electron injection.
1984)
Observationally, l has been evaluated from variability, speciÐcally X-ray doubling time, replacing R with The ct 2C . value of l evaluated by & Fabian ranges from Done (1989) 0.10 to 230, and for 11 of 28 sources the value exceeds 10, although these values should be regarded as the lower limit. To estimate l from our mean value of for the g Edd B 47% Six Seyferts, we rewrite the form of equation (7),
where is the Schwarzschild radius of the
respectively, both of which exceed 10. In the former case, variability occurs at a time constant much larger than the light crossing time of the source, while in the latter case its time constant is of the order of the light crosssing time of the source.
At such high compactness, the pair plasma models commonly predict a break in the emergent spectrum at about several tens to a few hudreds keV et al. (Fabian 1986 ; & Zdziarski Haardt, & Fabian Lightman 1987 ; Ghisellini, Recent detection of a spectral break at 40È100 keV 1993). for Seyferts, NGC 4151 et al. (Jourdain 1992 ; Zdziarski, Lightman, & Maciolek-Niedzwiecki is consistent with 1993) the pair plasma models with high compactness. On the other hand, & Takahara predicted that Kusunose (1988) there would be a critical accretion rate above which a balance between pair creation and pair annihilation is not achieved. In their two-temperature, geometrically thick disk model, the critical accretion rate corresponds to a luminosity of about 3% of the Eddington limit. This prediction contradicts our result. However, the argument depends on the assumed conÐguration of the accretion. For example, with an external source of soft photons, steady solutions are obtained regardless of the accretion rate & Tsuruta (Tritz & Lightman 1988 ; White 1989) .
SigniÐcance to Cosmological Evolution of the AGN
The Eddington ratio is also important for the study of cosmological evolution of the AGN. A simpliÐed scheme of the massive BH evolution is that the central BH mass is grown by accreted matter, i.e., where v is the vM 0 c2 \ L , efficiency of energy mass conversion and is the mass M 0 accretion rate. This relation is expressed in another form
which is an e-folding time of BH evolution. was large at early phase of the AGN g Edd evolution.) On the other hand, with the mean value of of our result, it is suggested that recurrent or g Edd \ 0.5 shortlived activity for AGNs can take place during its history. Such activity implies that there are a large number of dead or paused AGNs, which is consistent with a recent view that normal galaxies like our own have a massive BH in their center. More detailed discussions on the AGN evolution have been given & Padovani (Cavaliere 1988 (Cavaliere , 1989 Burg, & Edelson Padovani, 1990 ; Rees 1992) .
3.4. L ow and High States in SBHCs Stellar black hole candidate X-ray binaries (SBHCs) have been considered to have two X-ray intensity states, the high state and the low state (e.g., & Nolan Oda 1977 ; Liang 1984 ; Tanaka 1989 ; Ebisawa 1991 ; Inoue 1992 ; Miyamoto The low state is characterized by a single power-law 1994). energy spectrum. In the high state, the X-ray energy spectrum consists of a soft thermal disk component and a power-law component. Note, however, the photon index ([c) of the power-law component is clearly di †erent between these two states : c \ 1.5È1.9 in the low state, and c \ 2.2È3.0 in the high state et al. (Miyamoto 1995) . Moreover, short-term X-ray variability is di †erent between these two states. As mentioned in 2.2, SBHCs in the low state, which have a single hard power-law energy spectrum component, indicate a Ñat-top type NPSD of which the values at frequencies above about 0.2 Hz depend little on sources, occasions, and X-ray energy bands : canonicity et al.
On the other hand, in the high (Miyamoto 1992). state, SBHCs have two energy spectral components : a soft power-law component and a soft thermal disk component. The NPSDs of these two components have their characteristic shapes, and their values are much smaller than those in the low state et al. (Miyamoto 1994) . We have referred the NPSD of Cyg X-1 in its low state motivated by its similarity to AGNs in the X-ray energy spectrum. The canonicity of the NPSDs of SBHCs in the low state SBHCs et al. is another motiva-(Miyamoto 1992) tion to use it. In this paper it is indicated that the (°2.2) ; NPSD scaling relation roughly holds among AGNs and Cyg X-1 in its low state. It is suggested that the time variation of AGNs and that of low state SBHCs are similar to each other. This result justiÐes our using the NPSD of Cyg X-1 in its low state as a reference of the NPSD.
shows the (NPSD) ] (frequency) of the SBHC, Figure 7 GX 339-4, in its low state and in its high state ; the NPSD data are taken from Figure 1 state. Furthermore, we have derived that the AGNs have high Eddington ratios. Although it is not certain whether AGNs have the low and the high state like SBHCs, these two points suggest breaks in the similarity between AGNs and the low state SBHCs. Recent studies on the SBHCs indicated that the classiÐcation of the low and the high state itself could have problems since some SBHCs showed (power-law) hard X-ray spectrum even its high state.
suggested using Tanaka (1991) classiÐcation of the hard and the ultrasoft state for the X-ray behaviors of the SBHCs.
et al. proMiyamoto (1995) posed using the photon index ([c) of the power-law component in the X-ray energy spectrum of the SBHCs to distinguish the states. et al. indicated that Miyamoto (1995) SBHCs increase their X-ray intensity (2È100 keV) in the power-law hard state up to about its maximum Ñux. If we interpret that the similarity of SBHCs to AGNs appears mainly in their (power-law) hard state (c \ 1.5È1.9), rather than the low state, the high Eddington ratio of AGNs derived in this paper may not be a contradiction.
proposed the view on the hysterMiyamoto (1995) etic cycle of the transition of SBHCs between the power-law hard and the power-law soft state. Based on their view, the power-law soft state exists rather short duration during a hysteretic cycle of SBHCs, which may be suggestive to the fact that many AGNs show power-law hard (c \ 1.7) spectrum (e.g., & Pounds Further examination Turner 1989) . and theoretical approach are needed for these similarity arguments.
X-Ray V ariability and Supermassive Black Hole Model
Regardless of the argument above, we should pay attention to the similarity in the X-ray features (energy spectra and variability) between the AGNs and the SBHCs (in the low or the power-law hard state). The similarity suggests the mechanism to produce the X-ray emission is universal regardless of the system size. Moreover, our results on the scaling relation of the NPSDs imply that the variability is due to a global phenomenon in these sources.
Assuming a source having a large number of local cites (e.g., small mass BHs) at which the X-ray variability occurs independently, the source will yield a NPSD of P( f ) \ where is the number of the variability cites P 0 ( f )/N V , N V and denotes the NPSD of each cite. The NPSDs P 0 ( f ) scaling relation we obtained along the 1/f line contradicts this view. One particular case for the many variable X-ray emitters is a collection of many SBHCs in the core of AGNs. Such a model can reproduce the observed X-ray Vol. 500 luminosity and the spectrum but does not explain the scaling relation of the NPSD, described in We con-°2.2. sider our results on the NPSD scaling relation to be evidence supporting the massive BH model itself ; one (or a few) massive BH resides in an AGN. et al. Terlevich (1992) showed that a cluster of many supernova remnants caused in an extensive starburst activity could account for some spectral features of AGNs. However, the above argument also indicates the difficulty in explaining the nature of the AGNs with only the starburst phenomena.
CONCLUSION
We have studied X-ray variability of eight AGNs observed with Ginga. Our particular interest is on their timescales that provide a measure for the central BH mass. First, we showed that the NPSD should shift along the 1/f line according to the change in the timescale of the source. In fact, we found that the NPSDs of eight AGNs and one BH candidate roughly matched our calculations. It follows a new deÐnition of the variability timescale employing the frequency at which (NPSD) ] (frequency) \ 10~3, although the level is not unique. Variability timescales were derived for AGNs and Cyg X-1 in the same diagram.
Second, assuming a linear proportionality between the variability timescale and the mass of a central BH, the BH masses of AGNs are evaluated by taking the mass of Cyg X-1 as a reference point. The masses derived in this way are smaller by 1 or 2 orders of magnitude than previous estimates from X-ray variability, emission line width, or accretion disk model Ðtting to the blue bump, for some sources.
Since our mass estimate has no physical basis, it may indicate the break of the scaling relation we assumed. However, some of the contradictions could be removed by reconsidering the assumptions used in each procedure, e.g., previous estimates from X-ray variability gave upper limits of the mass by its principle, or there may be signiÐcant amount of mass other than the central BH inside of the radius comparable to the size of the narrowline region. The BH masses derived by us lead to a logarithmically averaged Eddington ratio of 10`0.15(`~1.01) for eight AGNs or 10~0.33(`~0.54) for six Seyferts, excluding one quasar and a BL Lacertae type object, where the number in parentheses denotes the standard deviation of the logarithm of the Eddington ratio. Because of the lower masses estimated with our method, the mean Eddington ratio is much higher than those in previous studies.
Last, we discussed the signiÐcance of the high Eddington rate of about With such a high Eddington ratio, the 1 2 . compactness parameter was evaluated to be several tens to a few thousands, indicating that the electron-positron pair e †ect is important. The spectral break recently discovered in a hard X-ray spectrum of a Seyfert is exactly what was predicted for such a compact pair plasma. On the other hand, the value of about 0.5 of the Eddington ratio obtained contradicts some accretion models with the pair e †ect that predicts maximum attainable luminosity of several percent of the Eddington limit from the instability argument. It was also shown that the high Eddington ratio supports the view that AGN activity is recurrent or shortlived in its cosmological evolution. Finally, we showed that the NPSDs we obtained support the massive BH model of the AGN itself.
